Proline-rich antimicrobial peptides (PR-AMPs) are a group of cationic host defense peptides that are characterized by a high content of proline residues. Up to now, they have been reported in some insects, vertebrate and invertebrate animals, but are not found in plants.
Introduction
Antimicrobial peptides (AMPs) are a group of diverse endogenous antibiotics and innate immune components that protect hosts against microbial infection and are produced ubiquitously in the natural environment. Hundreds of antimicrobial peptides have been isolated from plants, mammals, insects, bacteria, fungi and so on [1] . The peptide structures identified to date can be classified into five major classes: α-helical, cysteine-rich (defensin-like), β-sheet, peptides with an unusual composition of regular amino acids, and peptides that contain uncommon modified amino acids [2] . In addition, AMPs usually have common features such as a small molecular weight (<10 kDa), a cationic surface, a positive charge, and amphiphilicity [3] , these properties make AMPs easily and rapidly permeabilize microbial membranes to 'kill' the microbe. Most AMPs might nonspecifically interact with microbial membranes, leading to subsequent membrane damage and microbial lysis through 'lytic' mode mechanisms [4, 5] .
Unlike other types of AMPs, Proline-rich antimicrobial peptides (PR-AMPs) act via distinctive 'non-lytic' mechanisms [6] [7] [8] . PR-AMPs penetrate into microbial membranes without disrupting membranes integrity, and then bind to and interact with the specific intracellular target(s). These features make them attractive for both basic and applied research efforts, and provide novel insights into the mechanism of action of anti-infection chemical agents in both bacterial and eukaryotic cells.
As a large group of linear peptides, PR-AMPs were reported first in honeybees [9] , and were identified subsequently in species including mammals [7] , amphibians [10] , crustaceans [11] , and molluscs [12] . PR-AMPs generally refer to peptides with more than 30% proline residues in their primary structure.
Plant AMPs can be assigned to different groups according to their specific structural characteristics, such as thionins, defensins, lipid transfer proteins, cyclotides, and snakins [13] [14] [15] [16] . However, PR-AMPs have not been reported in plants to our knowledge. In an effort to search for new AMPs using large available genome and expression databases, we found a series of candidate AMPs. Of the AMPs identified, a unusual plant peptide BnPRP1 containing 13 prolines in its 35 amino acid sequence, which was similar to SP-B (a PR-AMP from pig) [17] , was studied functionally.
Materials and Methods

Plant material and microbial strains
Six B. napus lines were used: Zhongshuang 9, Zhongshuang 11, Zhongyou 821 and M083, which are resistant to S. sclerotiorum, and 888-5 and 84039, which are highly susceptible to S. sclerotiorum. All the B. napus lines used in this study were grown in a greenhouse under a 16/8 h (day/night) cycle at 22 ± 2°C in the Oil Crop Research Institute of the Chinese Academy of Agricultural Sciences.
Two bacterial strains and five fungal strains were used for activity analysis: the Gram-negative bacterium Escherichia coli ATCC25922, the Gram-positive bacterium Micrococcus luteus ACCC11001, and the fungi Pichia pastoris GS115, S. sclerotiorum, Mucor sp., M. oryzae and B. cinerea. All strains were stored frozen in 20% glycerol at −80°C. E. coli XL10-GOLD and E. coli BL21 (DE3) were used for plasmid construction and recombinant protein expression, respectively. The plasmid pET30a/His-EDDIE-GFP [18] was used to construct the AMPs expression vector. These strains were developed or introduced by the Oil Crop Research Institute of the Chinese Academy of Agricultural Sciences (Wuhan City, China).
Identifying candidate gene BnPRP1
B. napus EST sequences from our own database and the GenBank EST database downloaded were BLASTed against known AMPs sequences that had been identified and characterized previously in AMP databases, such as ANTIMIC [19] , APD2 [20] , and PhytAMP [21] . Approximately 606 AMP candidate genes were obtained from these B. napus EST sequences (data not shown). One of these candidate AMP genes, named BnPRP1, which encoded a peptide sequence with high proline content, was identified from B. napus etiolated seedlings EST sequence (GenBank Accession No. EV168192).
Phylogenetic analysis
The amino acid sequences of all PR-AMPs genes, which were obtained from the protein database at the National Center for Biotechnology Information, the antimicrobial peptides database (http://aps.unmc.edu/AP/main.php), database for Brassica rapa (http://brassicadb.org/brad), database for Brassica oleracea (http://www.ocri-genomics.org/bolbase) and database for Brassica napus (http://www.genoscope.cns.fr/brassicanapus/), were aligned using ClustalW (version 1.8) program [22] with default parameters. The phylogenetic tree was constructed using MEGA software version 5.0 [23] via the neighbor-joining method with 1000 bootstrap replicates.
Construction of an expression vector expressing Recombinant protein fused to EDDIE
According to a method described previously [18] , BnPRP1 nucleotide sequence was optimized according to E. coli codon usage, then assembled using primers (Table 1 ) in a one-step PCR reaction: 25 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 10 min using Pyrobest TM DNA polymerase (Takara Bio Inc., Japan). The pET30a/His-EDDIE-GFP vector was amplified and linearized using the primers backboneF and backboneR. The PCR reaction was performed with 25 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 7 min using Pyrobest TM DNA polymerase (Takara Bio Inc., Japan). The synthetic BnPRP1 and the linearized vector were cotransformed into E. coli XL10-GOLD. When the target gene cloned into the vector, the GFP gene of pET30a/His-EDDIE-GFP vector was destroyed and white colonies were picked under ultraviolet light. The resulting BnPRP1 expression vector was named pET30a/His-EDDIEBnPRP1. The plasmid pET30a/His-EDDIE-BnPRP1 was transformed into E. coli BL21 (DE3) cells. A single colony was picked, inoculated into 50 mL LB (1% tryptone, 0.5% yeast extract, 1% NaCl) medium with 50 μg/mL kanamycin, and grown in a shaking incubator in 37°C overnight. Next morning, 50 mL fully grown culture was added to 1 L LB medium with 50 μg/mL kanamycin and grown in shaking incubator at 25°C. When the OD 600 reached to 0.5, IPTG was added to a final concentration of 1 mM. The culture cells were harvested and then washed and resuspended in PBS buffer (sodium phosphate buffer: 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.4 mM KH 2 PO 4 , pH 7.2-7.4).
Purification of fusion protein, refolding, and peptide purification The harvested bacterial cells described above were lysed by ultrasonication, following the manufacturer's instructions (Sonics uibracell, Sonics & Materials, Inc., USA) as output watts of 200 W for 6min, amplitude of 60% and pulse durations of 6 s ON and 6 s OFF, and the insoluble inclusion bodies were harvested by centrifugation at 14,000 g for 30 min in 4°C. The pellet was then washed three times with washing buffer (10 mM Tris-HCl pH 7.6, 200 mM NaCl, 1% Triton X-100, and 2 mM 2-mercaptoethanol), and solubilized in denaturing buffer (8 M urea, 20 mM Tris-HCl pH 7.6, and 5 mM 2-mercaptoethanol) for 1 h.
The purified inclusion bodies His-EDDIE-BnPRP1 were refolded by rapid dilution 1:50 in optimized refolding buffer (500 mM NaCl, 20 mM Tris, 2 mM EDTA, 5% glycerol, 10 mM DTT and 0.01% Tween-20 pH 7.5) and incubated at 22-25°C without stirring. After BnPRP1 was released from the fusion protein by EDDIE self-cleaving at a specific site, the renatured protein solution was then clarified by centrifugation at 15,000g for 30 min at 4°C. Any insoluble particles were removed by filtering through a 0.45-μm membrane, and the supernatants were applied to a Ni-NTA His-bind column and BnPRP1 were left in the supernatant [18] . SDS-PAGE on 12% gels was then used to separate the fusion proteins. Tricine denaturing polyacrylamide gel electrophoresis (Tricine-SDS-PAGE) was performed according to Schagger and Von Jagow [24] with a 12% separating gel and a 4% stacking gel. The gel was stained with 0.25% (w/v) Coomassie brilliant blue R-250 in 45% methanol and 10% acetic acid.
Chemical synthesis and purification of BnPRP1 peptide
BnPRP1 peptide was synthesized according to its putative amino acid sequence without any modifications using Fmoc (N-[9-fluorenyl] methoxycarbonyl) chemistry by the Basic Science Institute of Wuhan Bioyeargene Biosciences Co. Ltd (Wuhan, China). The synthetic peptide was purified (>95% homogeneity) using reverse-phase HPLC on a C18 column (4.6 × 250 mm, Delta Pak, Waters) with a linear gradient of 5-45% acetonitrile in 0.05% trifluoroacetic acid for 25 min. All peptides were characterized using matrix assisted laser desorption ionization mass spectroscopy (MALDI-TOF; AB SCIEX), and the peptide content of the lyophilized samples was determined according to quantitative amino acid analysis with a Pico-tag analysis system on a Beckman 121 MB amino acid analyzer (Beckman Coulter).
Activity analysis
The antimicrobial activity of BnPRP1 was assessed using M. luteus (Gram-positive, G + ), E. coli (Gram-negative, G − ), and P. pastoris GS115 (yeast) as substrates in a radial diffusion assay [25] . 1.5% Broth agar (LB medium for bacteria, and YEPD medium containing 2% tryptone, 1% yeast extract, 2% glucose, 1.5% Agar for P. pastoris) containing the tested strain (OD 600 = 0.1) was poured onto 90 mm plates. The purified recombinant and chemically synthesized BnPRP1 peptide samples were diluted to the same concentrations (3 mg/mL), placed into individual wells in the agar plates, and incubated at 37°C or 28°C for 16 h, respectively. Refolding buffer was used as the negative control. The diameters of the lysed circular zones were then measured. The above assays were performed in triplicate. The antifungal activity of the purified products was assayed using an ultra-sensitive radial diffusion method on thin potato plates (200 g potato, 20 g glucose, 15-20 g agar powder, and 1 L double-distilled water) seeded with filamentous fungi [26] . Briefly, 90 mm plates were poured on an underlay potato medium, and S. sclerotiorum, M. oryzae, Mucor sp. and B. cinerea were seeded on the center of the plates. The plates were then incubated at 22°C for S. sclerotiorum and M. oryzae, 25°C for Mucor sp. and 28°C for B. cinerea until the filamentous fungi grew to 2 cm in diameter. Two hundred microliters of the test sample (3 mg/mL) was placed beside the filamentous fungi, and the plates were incubated at 22°C, 25°C, or 28°C for 72 h, respectively; the size of the clear area around the filamentous fungi was then measured. The inhibition of S. sclerotiorum growth by BnPRP1 was also examined under an inverted system microscope (IX71 Olympus, Japan) after incubation at 22°C for 48 h.
Antimicrobial MIC assays
The lowest concentration of peptide that inhibited the growth of the organisms completely was defined as the minimal inhibitory concentration (MIC). The MIC of BnPRP1 against Grampositive and Gram-negative bacteria was determined using broth microdilution assays. Briefly, single bacterial colonies were inoculated into culture medium (1% yeast extract, 2% tryptone, and 2% NaCl) and cultured overnight at 37°C. One milliliter of this culture was transferred to 50 mL of fresh medium and incubated for an additional 3-6 h at 37°C to obtain mid-logarithmic phase cells. They were then harvested by centrifugation at 12,000 ×g for 15 min, then washed with 10 mM PBS, pH 7.4, and resuspended in 10 mL of fresh PBS. The number of colony-forming units (CFUs) per milliliter was determined by spreading serial dilutions of the cell suspension onto three separate trypticase agar plates. A two-fold dilution series of peptides in 10 mM PBS was prepared, and serial dilutions (50 μL) were added to 50 μL of 5 × 10 4 CFU in static 96-well microtiter plates. After incubation for 3 h at 37°C, fresh medium was added to the mixture, and cells were incubated at 37°C for 16 h. Growth inhibition was determined by measuring the absorbance at 620 nm using a Wallac Victor-1420 microplate reader (PerkinElmer Life Sciences, Boston, MA, USA). The MICs were defined as the mean values obtained from triplicate samples on three independent measurements [27] .
Circular dichroism
Circular dichroism (CD) spectra were recorded by Chirascan (Applied Photophysics, Ltd) to determine the secondary structure of BnPRP1. The spectra were measured between 200 nm and 250 nm in different solvents as follows: water, 50 mM PBS, ethanol, methanol, and a concentration gradient of 25%, 50%, and 75% (vol/vol) of trifluoroethanol in 50 mM PBS. Consecutive scans were performed in a 1mm cell at 25°C. All measurements were conducted using peptide concentrations of 0.10 mg/mL in 10 mM potassium phosphate buffer (pH 7.4). The helicity of the peptide was determined from the mean residue helicity at 220 nm. The percentage of α-helix was calculated using the formula [θ] 222 = −30,300f H − 2340 [28] . All data presented are the means of three independent measurements.
Plant inoculation and gene expression analysis
The agar plugs (5mm in diameter) were excised from the edge of growing mycelia of S. sclerotiorum, and then upended onto the adaxial surface of plant leaves at the four-true-leaf stage. The inoculated plants were incubated under the dark condition at 22°C until sampling at 48h after inoculation.
Total RNA was extracted from the respective frozen tissues (stems, leaves and leaves inoculated with S. sclerotiorum) by using an RNeasy Plant Minikit (Qiagen, USA). DNA-free total RNA (1 μg) was reverse transcribed using reverse transcriptase (Invitrogen) following the manufacturer's instructions. qRT-PCR was performed using SYBR Green Real-time PCR Master Mix (Bio-Rad, USA) with 0.8 μL of each primer (10 μM) and 2 μL 1:20 diluted cDNA template in 20 μL reaction mixture (CFX96, Bio-Rad). The gene-specific primers 5 0 -BnPRP1 / 3 0 -BnPRP1 and 5 0 -actin / 3 0 -actin were designed to amplify B. napus BnPRP1 and ACTIN gene, respectively ( Table 1 ). The PCR cycling conditions were as follows: 94°C of denaturation for 10 min, followed by 40 cycles of 94°C of denaturation for 30 s, 58°C of annealing for 30 s, and 72°C of extension for 30 s. At the end of each PCR reaction melting curve analysis was used to confirm that only one product was amplified and detected. The cycle threshold (Ct) values were used to calculate the fold changes in expression. The experiments were performed using three biological replicates. The relative expression of BnPRP1 was calculated using the relative 2 -ΔCt method.
Results and Discussion
In silico screening and discovery of a novel PR-AMP
To identify potential antimicrobial peptides, first batch of sequences (i.e. B. napus ESTs generated in our lab and downloaded from GenBank) were aligned with known AMP sequences. A total of 606 genes were identified as the potential AMPs candidates. Among these was one gene that contained a 105 bp open reading frame (ORF) which encoded a peptide containing 13 prolines (37% of the total residues) within its 35 amino acid sequence. Proline-rich antimicrobial peptides (PR-AMPs) are characterized by a high content of proline, typically ranging from 25 to 50%, and so this peptide was named BnPRP1. BnPRP1 only shared similarity with four known PR-AMPs, in which SP-B (with 40.5% identity) isolated from the porcine salivary gland granules [17] , BacFL31 (with 36.11% identity) identified from Enterococcus faecium [29] , Abaecins isolated from bumblebee (with 34.09% identity) and honeybee (with 33.33% identity) [30, 31] . BnPRP1 was the first reported proline-rich antimicrobial peptide in plants. In addition to these four known proline-rich antimicrobial peptides, the homology sequences of BnPRP1were only found in Brassicaceae plants by researching in GenBank and other sequenced genomes databases (Fig 1) , such as Arabidopsis thaliana, B. rapa, B. oleracea, B. napus, Capsella rubella, Camelina sativa, Arabidopsis lyrata, Eutrema salsugineum and so on. Among these homologous sequences (shared 66%-97% identity with BnPRP1), there are four homologous sequences in B. napus (AACC, 2n = 38), two homologous sequences in B. rapa (AA, 2n = 20) and in B. oleracea (CC, 2n = 18), one homologous sequences in A. thaliana. However, no functional verification experiments have been performed for these putative PR-AMPs from the plants.
As Fig 1A showed , phylogenetic analyses based on protein sequence of BnPRP1indicate that BnPRP1 is located in one clade together with its homology sequences that come from Brassicaceae plants and the other clade contain the four known PR-AMPs (SP-B, BacFL31, Abaecins from bumblebee and honeybee). A ClustalW comparison revealed that all PR-AMPs homologous sequences from the plants shared highly similarity and contain conserved PPT repeated motif (Fig 1B) .
The synthesis of BnPRP1and construction of an expression vector
The BnPRP1 gene was assembled using four primers in a single PCR reaction (Fig 2A) ; the pET30a/His-EDDIE-GFP vector was replicated concurrently. The two PCR products were then transformed into E. coli together and assembled in vivo by homologous recombination.
After screening white colonies under ultraviolet light and verification by PCR and sequencing (Fig 2C) , the recombinant pET30a/His-EDDIE-BnPRP1 plasmid (Fig 2B) was constructed.
Expression and purification of fusion proteins and refolding
The pET30a/His-EDDIE-BnPRP1 plasmid was transformed into E. coli BL21 (DE3) cells and the recombinant bacteria were induced to express the His-EDDIE-BnPRP1 fusion protein using IPTG. SDS-PAGE revealed that fusion proteins sized~23 kDa represented the majority of the insoluble components in the cell lysates (Fig 3A) . Purified His-EDDIE-AMP inclusion bodies were then diluted in optimized refolding buffer and incubated to enable self-cleavage. After refolding, the EDDIE fusion partner was removed using Ni-NTA His column chromatography to leave the purified BnPRP1 in the solution. The results of Tricine-SDS-PAGE showed that BnPRP1 had a predicted molecular mass of 3.8 kDa and was self-cleaved efficiently from EDDIE after refolding (Fig 3B) . 
Activity analysis
The antimicrobial activity of the chemically synthetic and purified recombinant BnPRP1 against seven selected organisms, including Gram-positive, Gram-negative bacterium, yeast, and fungi, was determined using Oxford plate assays. As shown in Fig 4A, large halos were present around the synthetic and recombinant BnPRP1, indicating that BnPRP1 has specific inhibitory activities against E. coli, M. luteus, and P. pastoris. In contrast, no inhibitory zones were seen around the negative control spots. The results of activity detection demonstrated that synthetic and recombinant BnPRP1 exhibited the same strong inhibitory activity against Gram-positive bacterium, Gram-negative bacterium and yeast.
Four agronomical important fungal pathogens strains were selected to assay the anti-fungal activities of BnPRP1: S. sclerotiorum, Mucor sp., M. oryzae and B. cinerea. The results revealed that the same concentration of both synthetic and recombinant BnPRP1 exhibited strong activity to inhibit the growth of all four fungi. In addition, the hyphal growth of the fungal strains was not inhibited in the absence of peptide (control), and hyphae could bypass the inhibition zone and continue to spread to the edge of the plate (Fig 4B) . The morphology of the restricted fungal hyphae was also altered by treatment with BnPRP1. Compared with the control cultures, shorter and somewhat more branched hyphae were observed when BnPRP1 was included in the growth medium (Fig 4C) . The morphological changes also included abnormal branching, hyphal swelling, and knotting.
The minimal inhibitory concentration (MIC) of BnPRP1
The MIC of BnPRP1 was 8.4 ± 1.4 μM (31.25 ± 5 μg/mL) against E. coli, and 16.9 ± 2.7 μM (62.5 ± 10 μg/mL) against M. luteus ( Table 2 ). The antimicrobial activities of the well-characterized PR-AMPs from insect and mammalian were assessed previously. Apidaecins, which are the earliest insect PR-AMPs derived from bees, were active against both Gram-positive and Gram-negative bacteria and had an MIC of 25-50μg/mL against E. coli NCTC9001 [9, 30, 32, 33] . Another wellknown member of the PR39 isolated from pig intestine exhibited antibacterial activity against E. coli ATCC25922 and Gram-positive bacteria, both with an MIC of 20 μg/mL [34, 35] . SP-B which has the best similarity with BnPRP1 possessed strong antifungal activity but only negligible antibacterial activity [17] . BnPRP1 not only exhibited strong activity against Gram-negative and Gram-positive bacteria, but also had strong antifungal activity.
Circular dichroism
Circular Dichroism (CD) was performed to obtain information regarding the secondary structure of BnPRP1. The chemically synthetic BnPRP1 was dissolved in different solvents: double-distilled water, PBS, methanol (MeOH), ethanol (EtOH), and different concentrations of trifluoroethanol (TFE). Fig 5A shows the CD spectra of BnPRP1 in different solvents in 190-250nm ultraviolet light. BnPRP1 mainly formed a random coil structure, and only a small amount of α-helix content was present, as shown in Table 3 and calculated according to method described by Chen et al. [28] . However, the CD or nuclear magnetic resonance (NMR) study of many mammalian and insect PR-AMPs showed that they tend to form the poly-Lproline II helix (PP-II helix) [6] [7] [8] . Interactions between solvent molecules and the hydrophobic groups of peptides, alcohols, and particularly TFE can induce the formation of helical structure effectively [36] . To obtain detailed information regarding the effect of organic solvent on the secondary structure of BnPRP1, three different concentrations of TFE in PBS solution were used to study the effect of organic solvents on its secondary structure. As shown in Fig 5B, the CD spectrum of BnPRP1 yielded a strong negative band at 200 nm in PBS, which was indicative of a random-coil conformation. Interestingly, in TFE/PBS mixtures the CD spectra exhibited double minima at 200 nm and 222 nm, indicating that TFE induced the formation of a helical structure. In addition, an increasing concentration of TFE enhanced the strength of the peak, which indicated an increased helical structural content. When BnPRP1 was dissolved in aqueous buffer and PBS, no α-helix was observed. However, in the presence of 30%, 50%, and 70% TFE BnPRP1 exhibited 0-10% α-helix content.
Response of BnPRP1 Expression to S. sclerotiorum inoculation
To test whether BnPRP1 expression responses to pathogen inoculation, qRT-PCR was used with RNA samples prepared from stems, leaves and S. sclerotiorum-inoculated leaves of six B. napus lines. Compared with non-inoculated plants, the expression of BnPRP1 was significantly up-regulated 48 h after S. sclerotiorum inoculation in the susceptible lines 84039 and 888-5, while slightly decreased in the resistant varieties Zhongyou 9, M083, Zhongshuang11 and Zhongyou821 (Fig 6) . These suggested that BnPRP1 may be involved in the plant defense response against S. sclerotiorum. But there is a need to measure BnPRP1expression at early time (e.g. 12h or 24h) to check whether the reversely induced effects occur when considering that many genes in resistant lines response more dramatically. Furthermore convincing results should be those from test of transgenic plants in which genetic difference is just due to this gene. 
Conclusions
In the current study, a novel gene BnPRP1 was identified from B. napus using bioinformatics methods. The activity analysis results showed that BnPRP1 exhibited a strong and broad spectrum antimicrobial activity against bacteria and fungi. CD experiments showed that BnPRP1 predominantly exhibits a random-coiled structure. These results showed that BnPRP1 might be a novel member of the proline-rich antimicrobial peptide family with characteristics that distinguish it from the known PR-AMPs. Up to now, it is the first PR-AMP which was predicted and experimentally confirmed in plants. Above all, these features make BnPRP1 attractive in the further study. BnPRP1 can be as an anti-infection compound and as a novel class of potential cell-penetrating peptides that could be used to internalize membrane-impermeant drug into both bacterial and fungal cells. The study of this novel plant-derived PR-AMP provides a new chance to improve the resistance against pathogens by the genetic engineering technology. Its biological activity is a basis for development in the pharmaceutical and agricultural fields.
